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ABSTRACT  , r: 

The  literature  on  the  relevance  of  the  a/6  silicon  nitride  trans- 
formation to  hot  pressing  of  silicon  nitride  ceramics  is  briefly  reviewed 
as  are  crystal  structure  data  for  the  two  phases.  Also  mentioned  are 
published  results  on  the  kinetics  of  the  a/6  phase  transformation. 

The  kinetics  of  the  transformation  were  determined  by  quantitative 
X-ray  analysis  on  low  and  high  purity  silicon  nitride  powders  at  1600  C. 
The  addition  of  magnesia  enhanced  the  transformation  rate  while  the 
addition  of  yttria  did  not.  It  is  concluded  that  the  transformation  pro- 
ceeds via  a solution-precipitation  mechanism  and  that  a and  6 silicon 
nitride  are  respectively  low  and  high  temperature  forms.  , 
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INTRODUCTION 


Objectives  of  this  Work 

Early  work  on  silicon  nitride  sliowed  that  the  a crystallographic  form  can 
be  converted  to  the  3 modification  by  heat  treatment  at  temperatures  exceeding 
1500  C.^>^  Thompson  and  Pratt^  confirmed  these  findings  and  noted  that  prolonged 
heating  of  8 silicon  nitride  in  argon  or  nitrogen  at  temperatures  from  1100  to 
1350  C failed  to  bring  about  the  reverse  transformation. 

Although  the  importance  of  the  transformation  to  the  fabrication  of  high- 
strength,  hot-pressed  silicon  nitride  has  been  recognized,^  its  exact  role  has 
remained  obscure.  Coe  et  al . ^ reported  that  a silicon  nitride  powder  could  be 
densified  without  transformation;  they  added,  however,  that  high  strength  was 
only  achieved  through  the  phase  transformation.  Lumby  and  Coe^  further  emphasized 
the  importance  of  the  transformation  to  hot  pressing.  It  was  suggested  by  others 
that  strength  enhancement  was  a result  of  transformation-induced  grain  refine- 
ment,®*^ but  detailed  mechanisms  were  not  considered. 

Certain  mlcrostructural  features  that  may  be  transformation  related  have 
often  been  observed  in  hot-pressed  silicon  nitride.  Among  such  features  are 
elongated  grains  and  preferred  orientation.®,®  Gazza,^®  reporting  on  the  hot- 
pressing  of  silicon  nitride  with  yttria  additions,  observed  an  abrupt  change  in 
microstructure  that  appeared  to  be  associated  with  the  transformation. 

The  importance  of  the  a/6  phase  transformation  to  silicon  nitride  technology 
is  clear.  The  purposes  of  this  report  are  to  review  the  literature  on  the  a/6 
transformation,  to  present  additional  experimental  results,  and  to  evaluate  this 
information  in  view  of  existing  knowledge  on  the  general  subject  of  phase 
transformat  ions . 

Review  of  Crystal  Structures 

Although  it  is  not  intended  to  discuss  the  crystal  structures  of  a and  6 
silicon  nitride  in  detail,  disagreement  in  the  literature  on  this  subject  makes 
it  necessary  to  briefly  review  structural  aspects  that  may  relate  to  the  trans- 
formation mechanism. 

1.  TtRKDOCiAN,  I . T.,  Hll  I S,  P.  M.,  and  TIPPI  T1 . V.  A.  Silicon  MlriJcs:  Some  I'liaicodicmiral  Properties.  J.  Appl.  Chem., 

V.  8.  19.88,  p.  296-302. 

2.  FORUI  NCi.  W.  I).,  and  1)1  ( KI  R,  B I . MtriJes  of  Silieon.  Trans.  AIMT,  v.  212.  1958.  p.  343-348 

3.  THOMPSON.  I),  S..  and  PRAM  . P.  I,.  Pie  Stnietiire  of  Silieon  .\ilriJe.  Science  of  Ceramics,  v.  3.  edited  by  G.  H.  Stewart. 

New  York  Acadcirm-  Prevs.  1967,  p.  33-51  . 

4.  C'OI  . R.  I ..  I rMB>'.  R.  J..  ami  I*AWS()\,  \1.  i . Some  l^apcrrics  and  .Applications  ot  Hot-hesseJ  Siiicon  \itridc.  Special  (Vramics. 
V.  5,  edited  hy  P.  Popper.  Manche-iter.  1 ngland:  BCR, A.  1973.  p-  361-375. 

5.  LI  MBY.  R.  J..  and  (‘01  , R.  I . Die  Influence  t>f  Some  f*rnccss  i'ahahics  on  the  Mechanical  f^operties  o1  Hol-f'ressed  Silicon  \itnJc. 
Proc.  Brit.  ('cram.  Soc..  no.  15.  1970.  p.  91-101. 

6.  un.f).  S..  (rRil  V(  SON.  P..  K.  II..  and  I.AIIMI  R.  M.  J.  Hn  /tolc  of  Masnn-sia  in  Hot  Pressed  Silicon  Mtride.  Special 

Ceramics,  v.  5.  edited  by  P,  Popper,  Manchester.  I ncland.  BCR.A.  1973.  p.  377-383. 

7.  l-.VANS,  A.  (1..  and  SHARP.  .!.  V.  ^fierostnn  rural  Studies  Silieon  Mtride.  J.  Mater.  Sci..  v,  6.  1971,  p.  1 393-1303. 

H.  n RW|[  LK;|  R,  C,.  R..  and  I.ANCil  . 1.1  HotdWs\ins  Hehmior  oj  J.  Am.  Ceram.  Soc.,  v.  57.  1974.  p.  35-39. 

9.  Nl'TTAl  I . K..  and  THOMPSON.  I).  P,  Ohservatums  n1  the  Mierostno  rure  oJ  Hot  Pressed  Silicon  \itridc.  J.  Mater  Sci..  v.  9. 

1974.  p,  850-853. 

10.  (JAZZA.  (i.  Silicon  Mtnde  Yttna  1 Potential  (tas  Turbine  Material.  Proc.  .Army  Science  Conf..  West  Point.  NY. 

32-25  June  1976. 
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After  publication  of  preliminary  structure  data,^^>^^  Ruddelesden  and  Popper^’ 
provided  the  first  complete  determinations  of  the  a and  6 silicon  nitride  struc- 
tures. Both  forms  were  found  to  be  hexagonal  with  formulas  of  Sii2Ni6  for  a and 
SigNe  for  S. 

It  was  later  proposed  that  a silicon  nitride  was  necessarily  an  oxynitride 
of  composition  Sij i _ 5N1 5O0 . 5 , and  a subsequent  structure  determination^^  was 
consistent  with  this  theory.  Additional  supporting  evidence  was  provided  by  a 
thermodynamic  study' ^ and  by  work  reported  by  Feld  et  al.'^ 

Recent  results,  however,  do  not  support  the  oxynitride  theory.  Priest 
et  al.'®  reported  an  oxygen  content  of  only  0.30  w/o  for  a silicon  nitride  pre- 
pared by  chemical  vapor  deposition  (CVD),*  an  amount  substantially  less  than  the 
0.90  to  1.48  w/o  that  is  required  for  the  oxynitride.  It  was  also  reported  that 
this  material  was  untransformed  to  6 after  heating  for  several  hours  at  1800  C 
in  nitrogen  at  a pressure  of  2 MPa.  Edwards  et  al.'^  found  oxygen  contents  in 
reaction-bonded  silicon  nitride  that  were  at  most  half  as  large  as  required  for 
the  oxynitride  formula  to  be  correct.  More  recently,  Kijima  et  al.^*'  measured 
oxygen  contents  of  0.05  and  0.09  w/o  on  a silicon  nitride  single  crystals. 

Redeterminations  of  the  a crystal  structure  by  Kohatsu  and  McCauley^'  and 
by  Kato  et  al.^^  agree  with  the  determination  of  Marchand  et  al.^^  but  not  with 
the  work  of  Wild  et  al.'^  In  none  of  the  former  determinations  was  it  necessary 
to  assume  that  a comprised  anything  but  Si3N4.  In  addition,  the  determination  of 
Ka*'0  et  al.^^  was  done  on  the  same  crystal  known,  from  analytical  work,^*'  to  have 
a low  oxygen  content  (0.05  w/o). 

The  crystal  structures  of  the  a and  6 forms  of  silicon  nitride  are  illus- 
trated in  Figure  1.  For  convenience,  both  structures  can  be  visualized  as  being 
formed  from  basic  units  comprising  puckered  rings,  each  ring  containing  four 


•United  lichnologies  Corporation,  Cast  Hartford,  Cl.,  USA. 

■V 

1 1 . POPPI  R.  P.,  and  RCDDLI  SDFN,  S.  N.  Stnu  rurcs  of  Mfridcs  of  Silicon  and  Germanium.  Nature,  v.  1 79,  1 957.  p.  1129 
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17.  II  I D.  !L.  I TTMAYI  R.  P..  and  PI  TZLNMAl’SI  R.  1.  Sauerstoffstahilisierwift  ion  n 5/ ?.V^.  Ber.  Deu*.  Kcram.  C-cs..  \.  51  . 1974. 
p.  127-131. 

18.  PRII  ST.  H.  I ..  BURNS.  I . C..  PRII  ST,  G.  L..  and  SKAAR.  1 . C.  0\\}ien  Content  o1  Alpha  Silicon  \itnde.  J.  Amer.  Cctam. 

Soc..  V.  56,  1973.  p.  395. 
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Figure  1.  Models  illustrating  the  crystal  structure  of  silicon  nitride. 

The  dark  balls  represent  silicon  and  the  light  ones  nitrogen.  (A)  Eight- 
membered  puckered  ring.  (B)  Six  puckered  rings  joined  to  form  a 
basal  plane  sheet  common  to  both  structures.  (C)  Alpha  silicon  nitride. 
(D)  Beta  silicon  nitride. 
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silicon  and  four  nitrogen  atoms.  Six  of  these  rings  join  to  form  a sheet  con- 
taining a large  central  hole.  These  basal  plane  sheets  are  sufficient  to  con- 
struct the  entire  crystal  structures  of  both  a and  6 silicon  nitride. 

As  shown  in  Figure  1 the  S structure  comprises  the  sheets  stacked  atop  each 
other  in  the  sequence  A,  A,  A,  etc.  The  6 structure  is  relatively  unstrained  and 
contains  large  channels  as  seen  in  the  figure.  In  the  a structure,  the  sheets 
are  stacked  alternately  right  side  up  and  upside  down  in  the  sequence  A,  B,  A,  B, 
etc.  The  a structure  is  somewhat  strained  and  distorted  as  compared  to  the  6 
structure.  The  large  channels  evident  in  the  6 structure  are  absent  in  the  a 
structure.  Despite  the  differences,  the  first  coordination  is  the  same  in  each 
structure. 

Literature  on  Transformation 

The  published  literature  includes  no  results  of  systematic,  quantitative 
studies  of  the  kinetics  of  the  n/6  transformation.  The  data  included  here  are 
therefore  generally  from  work  in  which  the  study  of  the  transformation  was  of 
secondary  interest. 
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Coe  et  al.*^  reported  a linear  relationship  between  percentage  of  B and  log 
time  for  silicon  nitride  powder  hot  pressed  with  l"o  magnesia  at  1740  C.  Naruse 
et  al.^^*  presented  data  on  transformation  versus  temperature  for  three-liour  heat 
treatments  of  pressed  pellets  at  temperatures  from  1300  to  1800  C.  Some  iso- 
thermal data  were  given  at  1600  C but  the  results  appear  erratic.  A few  addi- 
tional data  were  published  by  Weston  and  Carruthers^  ’ for  hot-i>rcssed  material 
and  by  Inomata^^  for  pressed  pellets.  The  results  of  Feld  et  al.^^  were  obtained 
on  specimens  that  were  apparently  contaminated  with  silicon  carbide  and  silicon 
oxynitride.  In  none  of  these  studies  was  the  transformation  mechanism  considered. 

Wild  et  al.^  proposed  that,  since  they  considered  u to  be  an  oxynitride, 
tlie  transformation  involved  a chemical  reaction  between  a and  enstatite  (formed 
by  reaction  of  the  magnesia  additive  with  silica)  as  follows: 


4Si]i  5*^  1 5O0  . 5 (o()  + Mg2Si04  = 15Si  3.’4i,  (S)  + 2MgSi03- 
A detailed  interpretation  of  the  meclianism,  liowever,  was  not  given. 


In  view  of  the  prof 
melts  on  the  transforr 
Jack^^  has  demonstra’ 
Muttall  and  Thompsoi' 
I'ressed  silicon  nit 
From  a melt.  Kossowsky,*^ 


effect  of  the  solubility  of  silicon  nitride  in  oxide 
it  is  pertinent  to  review  evidence  for  such  sulubi 1 itv. 

lity  of  silicon  nitride  in  molten  magnesium  silicates, 
...4  (transmission  electron  microscopy)  study  of  hot - 
served  a hexagonal  grain  that  appeared  to  have  grown 
in  a wetting  stud>-,  also  reported  that  silicon  nitride 
was  soluble  in  molten  magnesium  silicate.  Also  consistent  with  this  evidence  are 
proposals  that  sintering^in__the  silicon  nitride-magnesia  system  occurs  via  :i 
liquid  phase  mechanism.' 


'8-30 


The  TEM  observations  of  Drew  and  Lewis^^  strongl>'  support  tlicir  conclusion 
that  the  transformation  occurs  via  a sol i d/ 1 i qu i d/solid  mechanism.  The  same 
authors^^  also  presented  convincing  mu  ro-itructural  evidence  for  the  formation 
of  6'  silicon  aluminum  oxynitride  compounds  by  a similar  mechanism. 
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EXPERIMENTAL  PROCEDURES 


Material s 

The  majority  of  the  experiments  were  done  with  powder*  containing  85  w/o  of 
the  a phase.  This  powder  was  nominally  99%  pure  and  its  surface  area  was  1.57 
m^/g.  A few  experiments  were  done  on  100%  a silicon  nitride  powder  obtained  by 
pulverizing  tliin  slabs  of  material  prepared  by  CVD.  Because  of  the  scarcity  of 
this  material,  powder  characterization  was  impossible. 

For  certain  experiments,  magnesia"  and  yttria'^  were  added  to  the  silicon 
nitride  powders.  The  powders  were  mixed  by  shaking  in  plastic  containers.  One 
c.xperiment  was  conducted  with  an  addition  of  silica  powder  from  an  unknown  source. 

Heating  Procedures 

A few  preliminary  experiments  were  done  in  an  induction  furnace  comprising 
a graphite  susceptor  and  graphite  and  zirconia  refractories  contained  in  a fused 
silica  tube.  However,  a system  consisting  of  a high-purity  alumina  muffle  tube 
inside  an  inductively  heated  graphite  susceptor  was  used  for  the  rest  of  the 
experiments.  All  of  the  experiments  were  conducted  in  an  atmosphere  of  flowing 
nitrogen.  In  the  alumina  system,  the  gas  was  dried  by  passing  it  through  a phos- 
phorous pentoxide  drying  tube. 

The  containers  that  were  used  were  graphite  crucibles  with  graphite  lids. 

For  the  first  series  of  runs,  the  inside  of  the  crucible  was  coated  witli  boron 
nitride  to  minimize  reactions  between  the  container  and  the  powder.  This  pre- 
caution seemed  unnecessary,  however,  and  further  runs  were  done  without  additional 
coat ings . 

The  crucible  and  its  contents  were  weighed  before  and  after  each  run.  At 
the  beginning  of  a run,  the  crucible  was  loaded  into  the  furnace  and  the  system 
evacuated  and  backfilled  twice.  The  furnace  was  then  heated  to  about  1400  C in 
about  2 hours  and  held  until  the  temperature  stabilized.  The  temperature  was 
then  quickly  raised  to  1600  C and  the  system  held  at  that  temperature  for  the 
desired  time.  At  periodic  intervals,  a portion  of  the  specimen  was  removed  for 
examination  with  the  remainder  being  used  for  further  heat  treatment.  All  tem- 
perature measurements  were  done  with  a calibrated  optical  pyrometer.** 

X-Ray  Analysis 

The  proportions  of  a and  B silicon  nitride  in  the  specimens  were  determined 
by  quantitative  X-ray  anal\'sis  using  CuK,^  radiation.  Anal>'ses  were  done  on 
powder  specimens  packed  into  aluminum  holders. 


IV  silicon  nitrulc  powilcr,  . ltd.  (JalcsluMd,  Durham.  T.K. 

^“Spccliirc”  MirO.  Johnson  and  Malthcj-  and  ('o.  1 Td.  IIK. 

IHDH  ltd.  Pnolc.  Dorset.  I K 
**l-ccds  and  Northrup  (’ompanv.  l’hd.Kkdphi.‘.  P.A.  l'S.\. 

yy.  C.  P.  .intl  Ml  SMI  K.  IV  R.  (Juantitativt'  nt  tcrtntnafinn  ol  Phau'  C’ou/r/tr  oi  Siiu'fm  \itndc  h'  \ Ra\ 

\njlvsis.  Artn\  Malirials  ami  Mechanicv  Research  (enter.  AMMRC  IR  "^5-4.  I ebriiar\  197.^, 
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Microscopy 


Photomicrographs  of  the  various  povv’der  specimens  were  obtained  with  a scan- 
ning electron  microscope.*  Specimens  were  prepared  by  sprinkling  powder  on 
holders  that  had  been  coated  with  shellac  diluted  100:1  with  ethanol.  It  was 
found  best  to  let  the  shellac  mixture  dry  1 to  2 minutes  before  applying  tlic 
powder.  The  specimens  were  then  coated  with  Pd-Au  alloy  or  pure  Pd  for  examin- 
ation in  the  microscope. 


RESULTS 

X-Ray  Technique 

Table  1 shows  the  results  of  several  determinations  by  X-ray  diffraction 
analysis^^  of  the  phase  content  of  tlie  commercial  silicon  nitride  powder.  The 
specimens  that  were  run  on  glass  slides  were  prepared  by  dispersing  a small 
amount  of  powder  in  a Formvar-chloroform  solution.  The  mixture  was  then  applied 
to  the  slide  and  allowed  to  dry,  leaving  a thin  layer  on  the  slide.  It  sliould 
be  noted  that  the  use  of  this  preparation  technique  gave  rather  high  standard 
deviations,  particularly  for  the  6 phase,  and  lower  a values  tlian  were  obtained 
using  the  packed  powder  specimens.  On  the  other  hand,  the  packed  powder  results 
on  two  instruments,  with  different  receiver  slits,  were  in  good  agreement.  The 
absence  of  silicon  peaks  in  three  of  the  runs  is  prohabl}'  a result  of  tlie  use  of 
low  counting  rates  for  those  runs. 

Transformation  Data 

Table  2a  presents  the  data  that  were  obtained  on  the  transformation  kinetics 
in  preliminary  experiments  in  systems  known  to  bo  leaking  and  contaminated  with 
various  deposits  from  previous  runs  with  other  materials,  hliile  estimates  of 
the  quality  of  the  atmospheres  in  these  systems  arc  subjective,  it  is  believed 
that  the  system  used  for  Run  1 contained  more  ox>gen  than  did  the  one  used  for 
Run  2.  The  largest  amount  of  silicon  carbide  observed  in  any  of  the  runs  was 
produced  in  Run  1.  Whenever  silicon  carbide  was  found,  it  was  invariably  in  tlie 
2H  form. 

Table  1.  EFFECTS  OF  SPECIMEN  PREPARATION  AND  INSTRUMENT  VARIABLES  ON  THE  DETERMINATION 
BY  X-RAV  ANALYSIS  OF  ./,•  RATIO  IN  AME  SILICON  NITRIDE  POWDER 


Run 

X-Ray 

Instrument 

Receiver 
SI  it  Deg. 

Specimen 

Preparation 

.-Si  .N. 
w/o 

. Std 
Deviation 

-Si  N. 
w/o 

i-  Std 
Deviation 

A 

G.E. 

0.2 

Packed  Powder 

85.1 

7.7 

14.5 

4.2 

B 

Philips 

0.2 

Packed  Povtder 

85.8 

6.8 

14.2 

y 

C 

Phil ips 

0.1 

Packed  Powder 

35.2 

9.6 

14.8 

1 1 

D 

Philips 

0.2 

Powder  on 
Glass  Slide 

84.1 

5.2 

15.4 

15.1 

E 

Phi  1 ips 

0.2 

Powder  on 

82.2 

9.0 

17.8 

L5.  i 

Glass  Slide 
(New  Speciinen) 


•Slcrcoii'an  S-6<iO,  ('anihriiliri'  InstriitmiUs  l td.  Cainbnd.ci’.  I'.K. 
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Table  2.  PHASE  TRANSE IRMATION  DATA  AT  1600  C ON  SILICON 
NITRIDE  POWDER 


r 

I 


Total 


Time 

h-Si  (N 

I4  Other 

Run 

( hours) 

w/o 

Phases* 

Remarks 

a . 

In  contaminated 

systems 

1 

0.0 

14.6 

. 

Fused  Si02  tube,  system 

1.0 

25.6 

2H  SiC  (m) 

leaking  badly  and  contaminated 

2.0 

32.4 

2H  SIC  (m-s) 

4.0 

40.2 

2H  SiC  (s) 

2 

0.0 

15.9 

- 

Al,0j  tube,  system  leaking 

1.0 

27.7 

- 

and  contaminated 

2.0 

29.6 

- 

4.0 

32.9 

- 

b. 

As-received  and 

with  oxide  additives 

3 

0.0 

14.6 

_ 

0.5 

20.3 

- 

1.5 

23.4 

- 

3.0 

25.3 

2H  SiC"  (vw) 

No  additive 

6.0 

30.5 

2H  SiC  (vw) 

9.0 

34.2 

2H  SiC  (w) 

10.0 

36.2 

2H  SiC  (w) 

4 

0.5 

29.8 

- 

1.0 

34.1 

- 

2.0 

38.0 

- 

? w/o  MgO  added 

4.0 

45.2 

- 

4.75 

46.3 

- 

Furnace  rebuilt  after  4 hr 

8.0 

47.9 

2H  SiC^  (vw) 

10.0 

48.5 

2H  SiC  (vw) 

Sintering  occurred 

5 

0.75 

38.6 

- 

1.5 

43.4 

- 

3.0 

46.7 

- 

1 w/o  MqO  added 

5.0 

51  .5 

2H  SiC^  (vw) 

7.0 

54.2 

2H  SiC‘  (vw) 

Sintering  occurred 

9.0 

57.6 

2H  SiC  (vw) 

6 

1 .0 

17.2 

Si^N^O  (w) 

5 w/o  SiOj  added 

7 

0.5 

46.8 

Unidentified  (w) 

1 .0 

64.1 

" 

10  w/o  MgO  added 

2.0 

86.5 

" 

4.0 

100 

" 

Sintering  occurred 

8 

0.5 

19.6 

Y?0,, 

1.0 

22.0 

" 

2.0 

22.2 

" 

4.0 

25.7 

" 

10  w/o  V;03  added 

6.0 

26.7 

c. 

Prepared 

by  CVD 

process 

9 

2.0 

6.0 

0.0 

0.0 

2H  SiC  (w-m) 
2H  SiC  (s) 

No  additive 

n 

0.5 

3.5 

- 

1.0 

3.7 

- 

2.0 

3.8 

2H  SiC" 

10  w/o  “qO  added 

4.0 

4.3 

- 

Sintering  occurred 

8.0 

4.5 

2H  SiC  (m) 

*(rr)  s medijm 

(m-s)  = modi  urn- stronq 
(s)  ’ ttronq 

(vw)  ver/  weak 
(w)  - weak 

Prohably  present 
'Plus  unidentified  peaks 
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Table  2b  lists  the  majority  of  the  experimental  results.  All  these  experi- 
ments were  done  with  gas-tight  alumina  tubes  that  had  not  been  previously  used 
for  other  purposes.  As  noted  in  the  table,  several  extraneous  nhascs  were 
observed  in  some  of  the  products.  .Among  them  was  silicon  oxynitride  in  the  case 
when  silica  was  added,  and  "J"  phase  wlicn  \'ttria  was  the  additive.  The  J phase 
was  indexed  from  the  data  of  Rae  et  al.^'‘  The  unidentified  lines  in  Run  7 (10 
w/o  magnesia  added)  may  have  been  from  crystalline  magnesium  silicate  phases;  no 
attempt  was  made  to  index  them.  Table  2c  gives  the  results  of  experiments  done  J 

with  the  CVD  powder.  It  should  be  noted  that  more  silicon  carbide  was  observed 
without  the  additive  than  with  it  as  was  generally  the  case.  Furtliermore , trans- 
formation occurred  only  when  magnesia  was  added  to  the  CVD  powder. 

•Although  some  sintering  occurred  when  magnesia  was  added  (Table  2b  and  c) , 
the  transformation  rate  was  unaffected  by  it.  In  one  experiment,  the  transfor- 
mation rate  on  a sintered  piece  was  found  to  be  the  same  as  the  rate  on  powder 
prepared  by  pulverizing  a portion  of  that  piece. 

The  transformation  rate  was  also  observed  to  be  the  same  on  portions  of  a 
specimen  taken  from  the  top  and  bottom  parts  of  the  crucible.  .As  a check  of  the 
effect  of  possible  vapor  phase  interactions  on  the  transformation  rate,  a 2-mm- 
diameter  hole  was  drilled  in  the  crucible  lid  between  the  9 and  10  hour  times  in 
Run  3.  The  hole  had  no  apparent  effect. 

Some  weight  loss  was  observed  in  all  of  the  runs,  particular!)-  in  the  "con- 
taminated" systems;  a weight  loss  of  5%  occurred  in  1 liour  in  Run  1.  Some  weight 
loss  was  attributable  to  the  crucible  and  there  was  no  apparent  correlation  be- 
tween weight  loss  and  transformation  rate.  The  weight  loss  data  are  therefore 
not  included  in  the  tables. 

Transformation  Kinetics 

Figure  2 compares  transformation  rates  obtained  in  "contaminated"  s)'stcms 
(Runs  1 and  2)  with  ttiat  obtained  in  a "clean"  system  (Run  5).  All  runs  were 
conducted  with  the  commercial  powder  as  received.  The  rate  curves  are  smooth 
and  the  rates  are  notably  faster  in  the  contaminated  systems. 

Figure  3 gives  transformation  curves  for  the  commercial  silicon  nitride 
powder  under  various  conditions.  The  curve  for  the  undoped  material  is  the  same 
as  the  one  given  in  Figure  2.  It  is  evident  that  the  transformation  rate  is 
highly  dependent  on  the  magnesia  content  of  the  specimen.  Th<'  latter  part  of 
the  curve  for  the  10  w/o  magnesia  specimen  is  daslied  because  the  transformation 
was  complete  at  some  unknown  point  between  2 and  4 hours.  .Mthougli  the  two  curves 
for  the  1 w/o  magnesia  specimens  differ  somewhat,  both  are  clearly  above  the 
curve  for  the  undoped  material  and  below  the  one  for  the  specimen  containing  10 
w/o  magnesia.  .As  seen  in  the  figure,  the  addition  of  10  w/o  >'ttria  had  no  aj-ijiarent 
effect  on  the  transfonnat  ion  rate  at  loOO  C,  and  the  addition  of  .3  w/o  silica  had, 
if  anything,  a slight  negative  effect. 

^4  RAI  . ,A.  U.  .1.  M..  IMOMI’SON.  !).  I*  . IMI’KIN.  N.  I..  jml  I \(  K.  K.  II  Hu  Strudurc  n*  .SV/Vimj  < i\\ mtnjt  ii>ul  f\nh 

in  the  ffnf  n*  SiUmn  \tfriJt  with  Yltna  \JJifnnn.  S|hhi.iI  ( t’r.imivs.  6.  cilucd  h\  IV  IV>ppor.  M.inilu-vu**-.  I m’hiul 

H(  RA,  I*n5.  p.  147- V.n. 
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Figure  2.  Differences  in  transformation  rates  of  85%  alpha  silicon  nitride  \ 

powder  heated  in  different  systems  in  flowing  nitrogen  at  1600  C.  \ 

t 
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Microscopy 

i 

Figure  4 shows  the  appearance  of  the  commercial  silicon  nitride  powder  at  ] 

two  magnifications.  The  powder  is  somewhat  agglomerated  and  amorphous  in  appear-  : 

ance  and  typically  contains  some  high  aspect  ratio  particles  as  evident  in  the  i 

figure.  For  unknown  reasons  it  was  difficult  to  obtain  good  photomicrographs  of  ] 

this  powder.  i 

Figure  5 shows  powder  specimens  after  heating  in  contaminated  and  clean  : 

systems.  Note  the  distinctive  whiskers  in  the  specimen  heated  in  the  contaminated 
system.  These  whiskers  were  invariably  associated  with  the  presence  of  silicon  ) 

carbide  in  the  specimen.  The  elongated  grains  in  the  powder  heated  in  the  clean  j 

system  resemble  the  ones  in  the  unheated  powder  (Figure  4).  Since  some  silicon 
carbide  was  detected  in  this  specimen,  however,  it  is  possible  that  these  grains 
are  also  silicon  carbide. 

Figure  6 shows  powder  containing  1 w/o  magnesia  after  partial  transformation.  i 

Note  the  typical  size  and  shape  of  the  grains  in  this  and  the  following  figures 

as  compared  to  those  in  the  starting  powder  (Figure  4).  i 
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Figure  3.  Effects  of  additives  on  the  rate  of  transformation  of  85%  alpha 
silicon  nitride  powder  in  flowing  nitrogen  at  1600  C. 

1 9-066-1 S03/AMC-76 


Figure  7 shows  the  appearance  of  the  specimen  containing  10  w/o  magnesia 
after  partial  and  complete  transformation.  Many  of  the  grains  are  log-shaped, 
and  some  show  hexagonal  symmetry.  The  grain  size  shows  no  obvious  correlation 
with  time  of  heating  or  magnesia  content,  and  Figures  7c  and  7d  show  a range  of 
grain  sizes  within  the  same  specimen. 

DISCUSSION  OF  RESULTS 


X-Ray  Technique 

The  X-ray  technique  that  was  used  for  quantitative  analysis^^  was  devised 
to  minimize  the  effects  of  preferred  orientation.  This  is  accomplished  by 
averaging  seven  a peaks,  four  6 peaks,  and  two  Si  peaks.  All  the  peaks  are 
normalized  using  weighting  factors,  and  the  standard  deviations  given  in  Table  1 
are  thus  related  to  the  degree  of  preferred  orientation  of  each  phase,  i.e.,  in 
the  absence  of  preferred  orientation,  the  standard  deviation  would  be  zero.  It 
is  interesting  to  note  that  the  standard  deviations  for  the  a phase  do  not  differ 
significantly  in  the  five  cases  listed  in  Table  1 and  that  the  6 standard  devia- 
tions are  high  for  the  two  specimens  mounted  on  glass  slides.  The  first  three 
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Figure  4.  High  alpha  (85%)  silicon  nitride  powder 
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phase  content  determinations  are  in  good  agreement,  and  despite  the  large  amount 
of  preferred  orientation  in  the  latter  two,  the  values  obtained  are  only  3°o  less 
in  the  worst  case.  It  tlius  appears  that  the  analysis  procedure  does  indeed 
minimice  preferred  orientation  effects,  and  that  it  can  be  used  with  considerable 
conf i dence . 


Based  upon  tlie  above  results,  all  of  the  specimens  that  were  analyzed  were 
prepared  by  packing  the  powder  into  a holder  rather  than  using  glass  slides. 
Standard  deviations  were  determined  for  each  run  and,  for  the  85°  a powder,  the 
highest  standard  deviation  for  the  8 pliase  was  only  1.3. 1°6  with  the  majority  being 
less  than  10°u.  The  CVD  powder  was  coarsel>’  ground  and  contained  only  small 
amounts  of  8 phase;  standard  deviations  in  that  case  were  as  high  as  35°^.  Never- 
theless, Table  2c  shows  a small  but  consistent  increase  in  6 content  with  time 
for  the  specimen  lieated  with  magnesia. 


some  of  tlie  determinations  listed 
rates  for  those  determinations. 


(a)  Silicon  carbide  whiskers  in  silicon  nitride  powder  healed  for  4 hours  at  1600  C 
in  a "contaminated"  system,  (b)  Silicon  nitride  powder  heated  without 
additives  for  10  hours  at  1600  C in  a "clean"  system. 
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silicon  was  never  observed  in  the  heat-treated  specimens,  and  the  ratio  of  a to  6 
was  of  primary  interest,  this  point  appears  irrelevant  to  interpretation  of  the 
experimental  results. 


.Although  it  is  difficult  to  estimate  quantitatively  the  jirecision  of  the 
X-ray  technique,  the  results  suggest  that  it  should  be  within  I'd  or  so  if  reason 
able  care  is  taken  with  specimen  preparation  and  clioicc  of  instrimient  parameters 


Transformation  Data 


It  is  apparent  from  Table  2 that  silicon  carbide  formation  was  often  ob- 
served, particularly  in  the  system  that  was  grossli'  contaminated  (Table  2a).  It 
is  also  noteworthy  that  this  phase  was  absent  in  specimens  containing  oxide 
additives.  Similar  observations  were  reported  bv  Colquolioun  ct  al . in  a paper 
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Picjure  6.  Silicon  nitiicle  powder  containing  1 wt%  MgO  after  heating 
for  9 hours  at  1600  C.  The  large  grains  are  probably  beta  silicon  nitride. 
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concerned  with  the  role  of  surface  silica  in  the  hot  pressing  of  silicon  nitride 
powder.  They  exjrlained  that  wlien  the  powder  is  heated,  this  silica  volatilizes 
as  silicon  mono.xide  which  in  turn  reacts  with  tlie  graphite  container  to  produce 
carbon  monoxide.  The  latter  then  carburizes  the  silicon  nitride  as  follows: 

3C0(g)  + Sig.N'uCs)  = 2SiC(s)  + NSC.il)  + C02(g)  + Si0[g) 

The  above  reaction  produces  more  silicon  monoxide  which  continues  the  cycle. 

UTien,  however,  an  oxide  additive  such  as  magnesia  is  used,  it  combines  with  the 
silica  to  form  magnesium  silicates,  tiius  reducing  the  activity  of  the  silica  and 
suppressing  the  formation  of  silicon  monoxide.  In  that  case  the  formation  of 
silicon  carbide  is  minimized. 

The  present  results,  however,  indicate  that  the  above  explanation  may  be 
oversimplified,  for  the  addition  of  silica  to  the  nitride  (Run  6)  did  not  produce 
excess  silicon  carbide  as  would  lie  expected  from  the  alcove  considerations.  In 
fact,  silicon  oxynitride  was  formc’d.  It  may  therefore  be  possible  that  the  mor- 
pliology  ami  distribution  of  tlie  silica  also  affect  the  chemical  reactions  that 
occur . 

Tlie  increased  transformation  rates  in  tlie  contaminated  systems  (Figure  2) 
may  also  lie  associated  witli  the  formation  of  silicon  carbide.  The  analysis 
technique  that  was  used  only  determines  the  rel.ative  amounts  of  the  silicon 
nitride  phases,  and,  if  the  < jihase  carburized  preferentially,  the  effect  would 
be  to  increase  the  2/ t silicon  nitride  r.itio. 


Figure  7.  Silicon  nitride  powder  containing  10  wt%  MgO  after  conversion  to  the  beta  form 
by  heating  at  1600  C;  (a)  and  (b)  show  partial  conversion  by  heating  for  0.5  hour;  (c)  and 
(d)  show  complete  conversion  by  heating  for  4 hours.  Note  the  small  grains  in  (c)  and  the 
hexagonal  symmetry  of  some  of  the  grains  in  (d). 
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Transformation  Kinetics 


Because  of  the  small  amount  of  transformation,  and  considering  the  limits 
of  precision  of  the  X-ray  analysis  technique,  the  rate  data  for  the  CVD  powder 
(Table  2c)  are  not  given  in  a figure.  It  should  be  noted,  however,  that  those 
data  give  no  indication  of  an  induction  period  which  would  be  observed  if 
nucloation  were  rate-controlling.  That  the  transformation  rate  is  much  slower 
on  the  CVD  powder  than  on  the  commercial  powder  may  be  because  of  the  coarse 
particle  size  of  the  CVD  powder.  Although  it  was  incompletely  characterized, 
particles  of  the  order  of  30  to  40  urn  diameter  were  observed  in  the  CVD  powder 
as  compared  to  the  1-ym  sized  particles  seen  in  the  commercial  powder  (Figure  4). 
Other  factors  that  may  have  contributed  to  the  difference  in  transformation  rate 
are  impurities  in  the  commercial  powder  and  possible  differences  in  silica  content 
between  the  two  powders. 

The  rather  poor  reproducibility  of  the  repeat  runs  with  1 w/o  magnesia  added 
(Figure  3)  is  difficult  to  e.xplain.  The  discrepancy  is  more  than  would  be 
expected  from  errors  in  X-ray  analysis  and  it  may  have  resulted  from  rebuilding 
of  the  furnace  between  Runs  4 and  5.  All  temperature  measurements  were  made  with 
an  optical  pyrometer  that  was  recalibrated  frequently  so  it  would  be  expected 
that  furnace  changes  would  have  no  effect.  Considering  the  crudness  of  the  mixing 
technique,  it  is  also  possible  that  the  discrepency  resulted  from  inhomogeneities 
in  mixing  of  the  additive  with  the  silicon  nitride  powder.  At  any  rate,  the  data 
are  onl}'  being  interpreted  on  a semiquantitative  basis,  and  the  observed  differ- 
ences with  different  magnesia  additions  are  clearly  beyond  the  limits  of  experi- 
mental error. 

All  the  evidence  in  this  study  and  in  the  literature  strongly  supports  the 
conclusion  of  Drew  and  Lewis^^  that  the  a/6  silicon  nitride  transformation  occurs 
via  a solution-precipitation  mechanism.  An  early,  tentative  suggestion  that  a 
solid  state  mechanism  is  involved^  can  therefore  be  discounted.  In  view  of 
present  knowledge  of  crystal  structure  and  available  transformation  data,  a 
mechanism  involving  "deoxidation"  of  an  oxynitride  (a)  to  form  the  "pure"  nitride 
(6)^  is  also  unlikely. 

As  indicated  in  the  Introduction,  there  is  ample  evidence  in  the  literature 
for  the  solubility  of  silicon  nitride  in  molten  silicates  as  well  as  microstruc- 
tural  observations  that  are  consistent  with  a solution-precipitation  mechanism. 

The  results  presented  in  this  report  are  also  consistent  with  such  a mechanism. 

The  strong  dependence  of  the  transformation  rate  on  the  content  of  magnesia 
(Figure  3)  suggests  that  the  rate  is  proportional  to  the  amount  of  magnesium 
silicate  liquid  that  is  present.  It  is  also  significant  that  the  transformation 
rate  at  1600  C was  unaffected  by  the  addition  of  yttria,  another  common  hot- 
pressing  aid.^°  These  results  can  be  easily  rationalized  by  considering  that 
the  lowest  eutectics  occur  at  1543  C in  the  magnesia-silica  system^^  and  at  1660  C 


liOW  1 N.  L..  .mil  ,'\N1)I  HSl  N.  ().  77/r  fiinarv  Svstcffi  ^fsiOSiO  t.  Amcr.  J.  Sci..  v.  37.  1914.  p,  488-500. 


15 


in  the  yttria-silica  system. One  would  therefore  not  expect  an  enhanced  trans- 
formation rate  in  the  Y.S.  system  until  the  temperature  was  above  the  eutectic 
and  liquid  was  formed. 

That  a certain  amount  of  transformation  occurred  in  the  commercial  powder 
without  additives  must  be  attributed  to  the  presence  of  impurities  that  react 
with  silica  to  form  liquid  phases.  As  already  mentioned,  Priest  et  al.^®  ob- 
served no  transformation  whatsoever  in  high  purity  CVD  silicon  nitride  heated  to 
a temperature  as  high  as  1800  C.  In  this  study,  transformation  occurred  at 
1600  C only  when  magnesia  was  added  to  the  CVD  powder.  The  observation  of  Jack^^ 
that  transformation  occurs  without  magnesia  additions  is  consistent  with  the 
above  observations  if  it  is  recognized  that  the  powder  used  in  his  work  contained 
approximately  the  same  impurity  levels  as  the  commercial  powder  used  in  this 
study. 

Microscopy 

Whether  or  not  the  a/S  transformation  produces  grain  refinement®-^  is  still 
unresolved.  ihe  observations  reported  here  (Figures  4 to  7)  show  the  development 
of  a relatively  fine-grained  (1  to  4 ym)  material,  but  one  with  grains  that  are 
somewhat  larger  than  those  in  the  starting  powder.  It  is  significant,  however, 
that  extremely  large  grains  were  never  observed;  the  high  strength  of  the  hot- 
pressed  material  may  therefore  be  a result  of  the  development  of  a very  uniform 
fine-grained  microstructure  comprising  6 silicon  nitride  of  high  crystalline 
perfection. 

It  seems  unquestionable  that  the  wliiskers  shown  in  Figure  5a  arc  silicon 
carbide.  As  discussed  earlier,  the  use  of  additives  suppresses  the  formation  of 
silicon  carbide,  and  it  should  be  noted  that  no  such  whiskers  occur  in  the  powders 
heated  with  magnesia  additions. 

Although  Lange®®  has  suggested  that  the  aspect  ratios  of  the  6 grains  in 
hot-pressed  silicon  nitride  are  related  to  the  S phase  content  of  the  starting 
powder,  the  present  results  indicate  that  his  explanation  is  oversimplified.  For 
example,  in  this  investigation  the  formation  of  6 silicon  nitride  was  observed 
even  when  phase  pure  a powder  was  used.  In  that  case,  tlic  3 pliase  could  not 
have  grown  on  existing  grains,  and  new  nuclei  must  liave  formed. 

Reaction  Mechanism 

The  a/s  transformation  has  been  shown  to  follow  first-order  kinetics  under 
pressure  sintering  conditions®®  and  F'igurc  8 sliows  the  present  data  plotted  in 
such  a manner.  The  assumed  rate  law  is 
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Figure  8.  Log  percent  alpha  versus  time  for  phase  transformation  of  85% 
alpha  silicon  nitride  powder  in  flowing  nitrogen  at  1600  C, 

19-066-1502/AMC-76 

da/dt  = ka, 

where  a is  the  weight  percent  of  a silicon  nitride  remaining  in  the  specimen. 

It  is  apparent  that  the  data  fit  such  a plot  reasonably  well,  but  because  of  the 
usual  complications  involved  in  solid  state  reactions,  detailed  speculation  re- 
garding the  exact  transformation  mechanism  is  unwarranted  from  the  present 
results . 


GENERAL  DISCUSSION 

It  has  been  suggested  from  structural  considerations  tliat  the  a/6  trans- 
formation sliould  be  reconstructive , ^ and  all  available  evidence  indicates 
that  it  can  be  classified  as  a reconstructive  transformation  of  second  coordina- 
tion.**^ Such  transformations  involve  breaking  bonds,  but  the  first  coordination 
is  the  same  in  each  structure.  Because  of  the  structural  rearrangement  that  is 
required,  the  kinetics  of  the  process  are  sluggish,  and  a solvent  is  often  needed 
to  enable  the  transformation  to  occur. Other  examples  of  this  type  of  trans- 
Formation  are  the  ones  between  any  pair  of  the  set  quartc-trid>'mite-cristobalite 
and  the  wiirtcite-sphalerite  transformation.'*^ 

4''.  Ill  VDI  KSOS.  < M,  M-.  .mil  I WIOK.  |)  Punna/  / xpans/rtn  of  r/jt  \[frn/r\  unj  of  Si/ic  on  rn  Kcluiion  to  Pnir 
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The  present  results  support  the  assumption  that  B silicon  nitride  is  the 
stable  form  at  1600  C.  Ample  evidence  exists  for  tlie  solubility  of  both  forms 
of  silicon  nitride  in  molten  silicates , ® and  it  would  be  expected  that  a 
solution  saturated  with  the  unstable  form  (a)  would  be  supersaturated  with  respect 
to  the  stable  form  (6)  at  a temperature  above  the  transition  point.  The  pro- 

posed solution-precipitation  transformation  mechanism  is  thus  entirely  consistent 
with  qualitative  thermodynamic  arguments  regarding  the  stabilities  of  the  two 
phases . 

It  seems  pertinent  to  further  consider  ihe  silicon  nitride  transformation 
in  terms  of  what  is  known  about  other  systems,**^  specifically  in  regard  to 
whether  or  not  a silicon  nitride  is  metastable  at  all  temperatures , and  as  to 
whether  or  not  a is  the  low-temperature  and  6 the  high-temperature  form.  In 
general,  the  high-temperature  form  tends  to  be  more  symmetrical  than  the  low- 
temperature  form  and  Figure  1 indicates  that  such  is  the  case  for  B silicon 
nitride.  From  entropy  considerations,  one  e.xpects  the  high-temperature  form  to 
have  greater  open  spaces  available  for  thermal  motion  and  to  have  lower  density. 
The  S silicon  nitride  appears  to  satisfy  the  former  criterion,  but  not  the  latter; 
the  density  of  a (3185  kg/m^)  is  slightly  less  than  that  of  3 (3196  kg/m^) . 

From  phase  transformation  theory,  one  can  extract  free  energy  arguments 
that  are  also  consistent  with  a silicon  nitride  being  the  low-temperature  form 
for,  at  absolute  zero,  the  form  having  the  least  internal  energy  E would  be  the 
more  stable.**^  This  internal  energy  at  1 = 0 is  given  by 

E = -U  + 1/2  hv 

where  U is  the  structure  energy  and  1/2  hv  is  the  zero-point  energy.  At  absolute 
zero,  the  structure  having  the  greater  structure  energy  has  the  lower  internal 
energy  and  thus  is  the  more  stable.  From  qualitative  consideration  (Reference 
40  and  Figure  1),  the  a structure  is  more  strained,  and  should  therefore  have 
higher  structure  energy,  than  the  6 structure. 

If  the  preceding  arguments  are  valid  and  a and  6 silicon  nitride  are  true 
polymorphs,  questions  arise  as  to  the  transformation  temperature  and  as  to  why 
the  6/a  transformation  never  has  been  observed  experimentally.  The  present 
results  indicate  that  the  transition  temperature  must  be  less  than  1600  C but 
existing  thermod>Tiamic  data  are  inadequate  to  establish  what  the  exact  tempera- 
ture is.  It  is  possible,  however,  that  the  transition  temperature  could  be  so 
low  that  kinetic  barriers  could  prevent  the  6/a  transformation  from  ever  occur- 
ring, especially  in  view  of  the  considerable  disruption  necessary  to  go  from  one 
structure  to  the  other.  It  should  also  he  remembered  that  the  present  results 
as  well  as  those  in  the  literature  apply  almost  exclusively  to  systems  at  atmo- 
spheric pressure.  As  has  been  demonstrated  for  silicon  carbide,  for  example, 
there  could  be  another  pressure  regime  in  which  the  transformation  could  occur 
reversibly. ^ ^ 
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In  view  of  the  foregoing  discussion,  the  results  of  Clancy, who  presented 
inferential  evidence  for  the  6/a  transformation,  are  difficult  to  rationalize. 

In  an  examination  by  optical  and  electron  microscopy  of  silicon  nitride  crystals 
obtained  from  several  sources,  he  found  examples  of  crystals  which  apparently- 
contained  both  crystalline  phases.  Because  those  crystals  had  morphologies  said 
to  be  typical  of  the  6 phase,  Clancy  concluded  that  they  had  partially  transformed 
to  a silicon  nitride.  It  must  be  noted,  however,  that  no  data  were  reported  on 
transformation  kinetics,  i.e.,  it  was  not  shown  that  what  was  observed  was  indeed 
6 transforming  to  a over  a given  period  of  time.  It  is  therefore  possible  that 
the  observed  crystals  were  not  in  fact  transforming  from  6^  to  a,  but  that  they 
had  merely  formed  from  both  phases. 


SUMMARY 

a.  A quantitative  X-ray  technique  has  been  successfully  used  to  evaluate 
the  kinetics  of  the  a/6  silicon  nitride  phase  transformation  at  1600  C. 

b.  Significant  side  reactions  to  form  silicon  carbide  occur  in  silicon 
nitride  powder  without  oxide  additions  and  such  reactions  proceed  particularly 
quickly  in  contaminated  systems. 

c.  Additions  of  magnesia  enhance  the  rate  of  transformation  at  1600  C while 
additions  of  yttria  do  not.  Such  behavior  is  consistent  with  expected  liquid 
phase  formation  in  the  former  case,  and  it  strongly  sr.pports  the  assumption  that 
the  transformation  proceeds  via  a solution-precipitation  mechanism. 

d.  High  purity  a silicon  nitride  powder  transforms  at  1600  C only  with 
magnesia  additions. 

e.  The  transformation  yields  material  with  a unique  microstructure  com- 
prising grains  that  are  relatively  fine  and  typically  log-shaped. 

f.  The  a/6  silicon  nitride  phase  transformation  can  be  classified  as  a 
reconstructive  transformation  of  secondary  coordination. 

g.  Existing  theories  and  experimental  data  indicate  that  a and  6 silicon 
nitride  are  true  polymorphs  with  the  a silicon  nitride  the  low-temperature  form. 
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